ally be activated by the upstream kinase MKK3 or MKK6. has been described as being induced by a variety of environ-However, in vitro kinase assays in the immunoprecipitates mental stresses such as osmotic shock, ultraviolet radiation, with anti-MKK6 antibody and anti-phosphorylated MKK3/ and heat shock, or the proinflammatory cytokines tumor MKK6 antibody showed that activation of neither MKK3 nor necrosis factor-a and interleukin-1 (IL-3). We found that the MKK6 was detected after Epo or IL-3 stimulation, while oshematopoietic cytokines erythropoietin (Epo) and IL-3, motic shock clearly induced activation of both MKK3/MKK6 which regulate growth and differentiation of erythroids and and p38. Together with previous observations, these results hematopoietic progenitors, respectively, also activate a p38 suggest that both p38 and JNK cascades play an important cascade. Immunoblot analyses and in vitro kinase assay role not only in stress and proinflammatory cytokine reclearly showed that Epo and IL-3 rapidly and transiently sponses but also in hematopoietic cytokine actions. phosphorylated and activated p38 in Epo-or IL-3-depen-᭧ 1997 by The American Society of Hematology. dent mouse hematopoietic progenitor cells. p38 can gener-M reported that mixed lineage kinase-3 (MLK-3) can activate the p38 and JNK pathways via MKK3/ MKK6 and SEK1. 27 protein Hsp27, 7,16 in increased cytokine expression, 18 and in Supported in part by a Special Grant for Promotion of Research programmed cell death. 23 In vitro protein kinase assays from The Institute of Physical and Chemical Research (RIKEN).
ITOGEN-ACTIVATED protein kinases (MAPKs)
form a large family of serine-threonine protein kinases activated by separate cascades conserved through evo-Furthermore, the Rho family GTPases Rac1 and Cdc42 28-32 and the STE20-related protein kinases PAK-1, 32 PAK-3, 28 lution. 1 In mammalian cells, four distinct MAPK cascades have been identified: the extracellular signal-regulated ki-and GC kinase 33 have been implicated in the p38 and JNK signaling pathways. However, the other components of the nases (ERKs), 2,3 c-Jun amino-terminal kinases (JNKs) or stress-activated protein kinases (SAPKs), 4, 5 p38 MAP kinase p38 pathway have not been identified. The p38 and JNK cascades are primarily activated by (p38) or cytokine suppressive anti-inflammatory drug binding protein (CSBP), 6, 7 and Erk5/BMK1. 8, 9 These cascades various environmental stresses: osmotic shock, ultraviolet radiation, heat shock, x-ray radiation, hydrogen peroxide and have become the prototype for the study of structurally related but functionally distinct pathways.
protein synthesis inhibitors, and by the proinflammatory cytokines tumor necrosis factor-a (TNF-a) and interleukin-Detailed studies of the JNK and ERK subgroups of MAPK have led to significant insight into the physiological function 1 (IL-1). 7, [16] [17] [18] [19] [34] [35] [36] [37] [38] It can also be weakly activated by such mitogenic factors as epidermal growth factor and phorbol of these signaling pathways. [10] [11] [12] [13] [14] [15] In contrast, the role of the p38 signal transduction pathway is poorly understood. 7, [16] [17] [18] [19] esters, and by T-cell activation signaling. 39, 40 The exact mechanism of how the p38 and JNK cascades integrate with The signal transduction pathway leading to p38 activation is related, in part, to a pathway in yeast leading to activation other signaling pathways to achieve specific response to different stimuli remains to be elucidated. of a MAPK known as Hog1p. To date the activation of this yeast pathway has been shown to occur principally in The hematopoietic cytokine receptor-mediated signaling pathways have been extensively studied, and activation of response to increased extracellular osmolarity, 20 and recently two distinct pathways leading to Hog1p activation have been ERK by various hematopoietic cytokines has been evidenced. [41] [42] [43] [44] [45] [46] We also recently showed that JNK cascade can defined in Saccharomyces cerevisiae. 21, 22 In mammalian cells p38, the Hog1p homologue, is actibe activated by hematopoietic cytokines, 47 although possible vated by multiple stimuli acting through different receptors. involvement of p38 cascade in hematopoietic cytokine signal For example, it was shown that p38 is involved in bacterial transduction has not been determined. Therefore, we examendotoxin (lipopolysaccharide)-induced cytokine production ined the possible activation of MKK3/MKK6 and p38 by through the use of pharmacologic inhibitors that are specific erythropoietin (Epo) and IL-3, which are hematopoietic cytofor p38. 18 p38 is also activated by other bacterial components, proinflammatory cytokines, and physical-chemical changes in the extracellular environments. 19 The contribution HCl, pH 7.9, 500 mmol/L NaCl, 10% glycerol, 5 mmol/L imidazole), kines regulating the growth and differentiation of erythroids and sonicated. To purify the His-p38 protein in the lysates, 1 mL and hematopoietic progenitors, respectively. Using Epo-deof 50% slurry of His-Bind Resin (Novagen, Madison, WI) was added pendent FD-EPO cells, which are derived from IL-3-depento 20 mL cell extract and mixed at room temperature for 60 minutes. dent mouse hematopoietic progenitor FDC-P2 cells, we mea- specific antibody was prepared as described. 48 Possible p38 phosphorylation was examined in Epo-stimu-Cell culture. Epo-dependent FD-EPO cells, which were derived lated FD-EPO cells. This cell line expresses endogenous from IL-3-dependent FDC-P2 cells as previously described, 47 were Epo receptors and responds with Epo in a dose-dependent cultured in RPMI 1640 medium supplemented with 10% fetal calf manner. Figure 1A the separation of p38 from the cell lysates ( Fig 1A, right Insoluble material was then removed by centrifugation and the precleared cell lysate was incubated with a specific antibody at 4ЊC for panel); it was confirmed that this was the case. p38 were immunoprecipitated (Fig 1B, right panel) . mmol/L NaCl, and 0.5% Tween 20 (TBS-T), and incubated with
In vitro kinase assay showed that Epo and IL-3 activate anti-phosphotyrosine antibody or anti-p38 antibody for 2 hours. After washing three times with TBS-T, the membrane was incubated p38. Next, we examined in vitro p38 activity in the cell with antimouse or antirabbit IgG conjugated horseradish peroxidase lysates after Epo or IL-3 stimulation. The p38 was immunoantibody, and the antibody complexes were visualized by an ECL precipitated by anti-p38-specific antibody at various time system (Amersham). For personal use only. on November 11, 2017. by guest www.bloodjournal.org From Fig 1. p38 was phosphorylated 
points after Epo or IL-3 stimulation, and the protein kinase

by Epo and IL-3 stimulation. p38 was immunoprecipitated at various time points (0 to 60 minutes) in Epostimulated FD-EPO cell lysates (A) or IL-3-stimulated FDC-P2 cell lysates (B). The immunoprecipitates were immunoblotted with antiphosphotyrosine antibody 4G10 (left panels) or with p38 antibody (right panels). Arrows indicate the phosphorylated p38 (left panels) and total p38 (right panels).
2A) or IL-3 ( Fig 2B) . The activity then reached the maximal Similarly, the protein kinase activity in the immunoprecipitates with antiphosphorylated-MKK3/MKK6 antibody was level at 15 minutes and decreased thereafter in both cases (Fig 2A and B) . Thus, both Epo and IL-3 rapidly and tran-measured with His-p38 as a substrate (Fig 4) . This antibody can immunoprecipitate both Ser 189 -phosphorylated MKK3 siently induce phosphorylation and activation of p38.
Activation of MKK6 was not detected after Epo or IL-3 and Ser 207 -phosphorylated MKK6. Once again, the MKK3 and/or MKK6 activities at various time points after Epo or stimulation. It has been reported that MKK3 and MKK6 phosphorylate and activate p38, 24 and thus we sought to learn IL-3 stimulation were the same as those without the immunoprecipitates ( Fig 4A and B) , whereas MKK3 and/or MKK6 whether or not either of these kinases is indeed activated upon Epo or IL-3 stimulation. The protein kinase activity in activity was clearly induced by osmotic shock (Fig 4C) . Because MKK3-specific antibody, which can be used for in the immunoprecipitates with anti-MKK6-specific antibody was measured in the presence of [g-32 P]ATP and the purified vitro protein kinase assay, is not available at present, we used these two antibodies. Although we may not be able to His-p38 as a substrate (Fig 3) . His-p38 could phosphorylate itself without the immunoprecipitates (Fig 3A through C, completely eliminate the possibility that Epo and IL-3 weakly activate MKK3 and/or MKK6, it is possible that p38 lane C). At various time points after Epo or IL-3 stimulation, the levels of phosphorylated His-p38 did not change but is activated by a kinase other than these two. We concluded that hematopoietic cytokines, at least Epo were the same level as lane C (Fig 3A and B) ; in contrast, MKK6 activity was clearly enhanced by osmotic shock (Fig  and IL-3 , clearly induce activation of p38, though the primary activation may not be by MKK3 or MKK6, and that 3C). Therefore, in these assays we detected no MKK6 activation after Epo or IL-3 stimulation. the p38 signaling pathway plays an important role not only in IL-3 (B) , respectively, for the indicated time up to 60 minutes or stimulated with (") or without (Ï) NaCl (C) for 30 minutes. The immunoprecipitates with anti-p38-specific antibody were incubated with [g-32 P]ATP and GST-ATF-2 as a substrate. Arrows indicate the phosphorylated GST-ATF-2 (molecular weight, 40 kD).
Fig 2. In vitro p38 activity is induced by Epo and IL-3 stimulation. FD-EPO cells (A) and FDC-P2 cells (B and C) were stimulated with Epo (A) and
AID Blood 0066
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For personal use only. on November 11, 2017. by guest www.bloodjournal.org From -3 (B) , respectively, for the indicated time up to 60 minutes or stimulated with (") or without (Ï) NaCl (C) for 30 minutes. MKK6 activity was measured in the immunoprecipitates with antispecific MKK6 antibody in the presence of [g-32 P]-ATP and His-p38 as a substrate. Lane C, the kinase assay was performed without immunoprecipitates (only His-p38). Arrows indicate the phosphorylated His-p38.
FD-EPO cells (A) and FDC-P2 cells (B and C) were stimulated with Epo (A) and IL
the response to environmental stresses and proinflammatory kine-stimulated cells, it is possible that a kinase other than cytokines, but also to hematopoietic cytokines. one of these is mainly involved in the activation due to factors such as epidermal growth factor, nerve growth factor, DISCUSSION and hematopoietic cytokines. It was reported that a novel hematopoietic-specific protein We showed in this report that hematopoietic cytokines, at kinase, hematopoietic progenitor kinase 1 (HPK1), activates least Epo and IL-3, whose receptors belong to the type I JNK cascade. 53 Although ubiquitously expressed MKK3, cytokine superfamily, clearly activate the p38 signaling path-MKK6, and SEK1/MKK4 may also act as upstream kinases way, which has heretofore been believed to be activated only of p38 and JNK cascades in hematopoietic cells, other unby the environmental stresses of osmotic shock, UV radiation identified hematopoietic-specific kinases may exist that actiand heat shock, or by proinflammatory cytokines like TNFvate p38 and/or JNK cascades in a hematopoietic cytokinea and IL-1. 7, [16] [17] [18] [19] We also observed that thrombopoietin phosspecific manner. The MKK that specifically activates p38 phorylates and activates p38 (data not shown). Hematopoiand/or JNK cascades in hematopoietic cells remains to be etic cytokines reportedly activate the ERK cascade, [41] [42] [43] [44] [45] [46] and identified. we recently showed that the JNK cascade is also activated Cellular stresses and inflammatory cytokines that activate by these cytokines. 47 Thus, it appears that hematopoietic the p38 and JNK pathways reportedly induce cell death charcytokines simultaneously activate the entire known MAPK acteristic of apoptosis. 54, 55 In PC12 cells, dominant-interferfamily, ERK cascade, JNK cascade, and p38 cascade.
ing or constitutively activated forms of various components We observed that p38 was clearly activated by hematopoiof the p38, JNK, and ERK signaling pathways showed that etic cytokines, but activation of neither MKK3 nor MKK6 activation of p38 and JNK and concurrent inhibition of ERK was detected after IL-3 and Epo stimulation. It has also are critical for induction of apoptosis. 23 However, TNF-abeen reported that epidermal growth factor and nerve growth induced apoptosis was not affected by a specific p38 inhibifactor induced activation of neither MKK3 24 nor MKK6, 52 tor SB203580 in L929 cells. 56 Dominant negative JNK or while p38 was clearly activated. 19 Although we may not be SEK1 also did not affect apoptosis in 3T3 cells. 57 The targets able to completely eliminate the possibility that MKK3 and/ or MKK6 partially activates p38 in these hematopoietic cyto-of hematopoietic cytokine-induced p38 and the JNK signal- 
